The thermal properties of chitosan and hydroxyapatite (HAp)-crosslinked polyurethanes (PU) prepared in a two-step bulk polymerization were investigated. Synthesis of PU was carried out using 1,6-hexamethylene diisocyanate, poly(ethylene glycol) 2000 and dibutyltin dilaurate as a catalyst. Various molar ratios of chitosan and 1,4-butanediol were applied, and the effects of incorporating different HAp amounts and the chitosan-to-BDO ratio were studied. It was found that the thermal properties of PU materials depend on polysaccharides and bioceramics load, which was confirmed by differential scanning calorimetry and thermogravimetry. The glass transition temperature increases with increasing chitosan fraction. Similarly, the onset temperature of degradation increased with chitosan addition. On the other hand, the presence of ceramics did not show a significant impact on the thermal properties of PU composites. Successful polymerization and chain extension of the isocyanate groups with hydroxyl moieties from chitosan and HAp were confirmed by Fourier transform infrared spectroscopy, and the morphology was examined using scanning electron microscopy.
Introduction
Polyurethane (PU) synthesis involves a step-growth polyaddition reaction between diisocyanate and polyol, where isocyanate group (-NCO) reacts with a hydroxyl group (-OH) and forms a urethane bond [1, 2] . For the synthesis of PU, different types of long chain polyols, such as polyesters, polycarbonates and polyethers, can be used. The second main compounds of PU are aromatic or aliphatic diisocyanates [3] . The characteristic feature of PU is a segmental structure comprised of hard and soft segments. The hard segments are built from diisocyanates and short chain extenders, whereas soft segments are derived from polyols [4, 5] . Another interesting feature is the microphase separation of hard and soft segments that significantly influence the properties of PU [6] . Typical chain extenders in PU synthesis are low-molecular-weight diols (HO-R-OH), such as 1,4-butanediol, diethylene glycol, ethylene glycol and 1,6-hexanediol, or diamines (NH 2 -R-NH 2 ), like 1,6-hexamethylenediamine and 1,2-ethylenediamine [2, 7] . The introduction of chitosan to the polymer matrix as a chain extender/crosslinker is an attractive synthetic route for biomaterials as this polysaccharide enhances the growth of osteoblasts in materials for bone tissue engineering [8, 9] .
The incorporation of chitosan into the PU matrix as a chain extender is also seen in the literature, especially as a component of the hard segment enhancing the material biocompatibility. For example, Zia et al. [10] used poly(εcaprolactone) (PCL) and aromatic 2,4-toluene diisocyanate (TDI) to obtain prepolymers extended in the next step with 1,4-butanediol (BDO) and chitosan with different molar ratios. Along with biocompatibility and non-toxicity, chitosan can improve the thermal properties of PUs. A novel approach was described for PU synthesis involving chitosan combined with curcumin as a chain extender, to achieve elastomers for biomedical applications. The authors employed hydroxyl-terminated polybutadiene (HTPB) and 1,6-hexamethylene diisocyanate (HDI) and found that samples with lower contents of chitosan and higher contents of curcumin exhibited improved the thermal stability and tensile strength [11] . Mahanta et al. [12] grafted chitosan with diisocyanate terminated PU for controlled drug delivery. Barikani et al. [13] obtained chitosan-based water dispersions of PUs based on PCL and isophorone diisocyanate (IPDI), crosslinked with different mass ratios of chitosan and amines. Interestingly, the thermal stability and contact angle increased with increasing chitosan content. In other work, PU obtained by the reaction of PCL and IPDI and crosslinked with different mass ratios of chitosan and BDO was studied [14] . The incorporation of chitosan into the PU backbone improved the thermal stability of PU. Additionally, the best thermal properties were found for PU extended with chitosan.
To obtain three-dimensional bone scaffolds, HAp/ chitosan-based composites were prepared via a protocol in which the water dispersion of HAp was mixed with chitosan/N-acetylated chitosan to create 3D porous scaffolds. The mechanical study of these scaffolds showed an increase in Young's modulus, which is explained by homogeneous dispersion of HAp and the formation of hydrogen bonding between polymer chains and HAp [15] . As HAp exhibits outstanding biocompatibility and bioactivity with hard tissues, it makes an excellent candidate for orthopaedic and dental implants or components of implants and it has been widely used in orthopaedics, especially for bone repair, bone augmentation, implant coating or acting as a filler in bone or teeth [16, 17] . Due to the presence of OH groups in the chemical structure of HAp, it is possible to obtain hybrid inorganic-organic systems with different polymers using diisocyanates as coupling agents [18] .
In this work, we report on the synthesis and thermal properties of PU bone cement composed of hexamethylene diisocyanate (HDI) and poly(ethylene glycol) (PEG), crosslinked with chitosan and HAp. The effect of different molar ratios of crosslinkers on the thermal properties of PU composite materials was examined by differential scanning calorimetry and thermogravimetry.
Experimental
Materials PEG with a 2000 average molar mass, HDI, BDO and dibutyltin dilaurate (DBTDL) were purchased from Sigma-Aldrich. Chitosan with a 100,000-300,000 average molar mass was supplied by ACROS Organics. HAp needle-like nanopowder was purchased from mkNano (Canada). Before synthesis, PEG was dried at 80 °C under vacuum for 2 h, and chitosan and hydroxyapatite were dried at 120 °C for 24 h.
Synthesis method
PEG was placed in a three-neck flask, heated to 50 °C under dry nitrogen. The temperature of the reaction flask was maintained using a heating mantle. In the next step, DBTDL catalyst was added dropwise to the melted PEG and, then, HDI was added. The reaction was carried out at 60 °C under nitrogen for 1 h. The urethane prepolymers obtained were crosslinked with BDO and/or chitosan with different molar ratios. In addition, HAp in a variable quantity was introduced. The samples were cured at 80 °C in a dryer for 24 h. The composition of the obtained sample materials is presented in Table 1 .
Techniques
The morphology and chemical composition studies on the obtained materials were performed using a scanning electron microscope (SEM) (FEI Nova NanoSEM 200) operating at 5 kV and supplied with an energy dispersive X-ray analyser (EDAX Company). The samples were coated with carbon before SEM observation.
The FTIR spectra were recorded using a Bruker Vertex 70 V Spectroscope with 4 cm −1 resolution and 64 scans in the 4000-500 cm −1 wavenumber range. During the measurement, an attenuated total reflectance (ATR) attachment was applied with diamond crystal.
The effect of chitosan and HAp incorporation into the PU matrix on the thermal stability of composites was investigated using thermogravimetry (TG). TG analysis of PU samples was performed using a Discovery TGA 550 (TA Instruments) thermal analyser in the 20-600 °C temperature range, at a 10 K min −1 heating rate in a nitrogen atmosphere with a ca. 13 mg sample mass. The gas flow was 20 mL min −1 .
The thermal properties of the PU crosslinked with chitosan and HAp were analysed using a differential scanning calorimeter (DSC1 from Mettler Toledo). The measurements were conducted within the range from − 85 to 225 °C under a 30 mL min −1 nitrogen gas flow. The glass transition temperature (T g ), heat capacity (C p ), melting temperature (T m ) and enthalpy of fusion (ΔH m ) were determined using STARe 
Results and discussion
SEM microphotographs of the PU/chitosan composites with increasing HAp content are presented in Fig. 1 .
The results show that the HAp content strongly affects the surface morphology of PU. At higher HAp content ( Fig. 1c,  d) , HAp undergoes agglomeration but, generally, the quality of HAp dispersion is good. The progressive growth of HAp domains allowed the polymer chains to re-organize to long-range ordering. In this case, cohesive interactions appeared between the HAp particles and between the polymer chains and HAp particles [19] . The results of the semiquantitative analysis of the HAp content in the composite matrix by EDS showed that the material contains a mineral phase and organic matrix. The crystals of HAp are visible as bright points, which are composed of Ca and P. The analysis indicated that the dark area is a polymer organic phase built mainly from carbon and oxide atoms. The chemical structure of PU/chitosan/HAp composites was confirmed using FTIR spectroscopy. The FTIR spectra are presented in Fig. 2 , and data are collected in Table 2 .
In the PU IR spectra, one can observe the absorption bands associated with a urethane group, such as the stretching vibrations of an amine group -NH at 3300 cm −1 [20] . The position of bands suggests that -NH groups are engaged in the formation of hydrogen bonds [21] . The double peak appearing at ca. 1712 and 1680 cm −1 can be attributed to stretching vibrations of C=O in urethane groups engaged in hydrogen bond formation. These results suggest phase separation in the PU matrix. The peak at [22] . In the FTIR spectrum of the PU samples, the absorption band at 2249 cm −1 , associated with the stretching vibration of the valence -NCO groups, is not observed, which confirms the complete polymerization of diisocyanates at the synthesis stage [23] . Absorption bands for CH 2 asymmetric and CH 2 symmetric stretching are visible at 2930 cm −1 and 2860 cm −1 , respectively. There are other bands in the range of 1036-1098 cm −1 which can be attributed to the vibration of the PO 4 3− group. The peak at 560 cm −1 is assigned to vibrations of PO 4 3− in the structure of hydroxyapatite. Moreover, no absorption bands from -OH groups in HAp can be found that suggest covalent bonding of HAp to PU matrix. Also, no absorption bands from -OH groups in the chitosan structure have been found that confirm chemical bonding of chitosan to PU.
In order to choose the appropriate ratio of BDO and chitosan as crosslinkers for PUs, DSC analysis was performed- Fig. 3 and Table 3 .
It was observed that T g increases with an increase of chitosan load: − 46.8 °C, − 43.1 °C and − 41.0 °C for 10, 25 and 50% chitosan, respectively. The T g increase is caused by the formation of intermolecular hydrogen bonding between PU chains and chitosan, which was confirmed in the FTIR analysis [24] . The effect observed for C p is similar, apart from the sample with 100% chitosan and T g of − 53.2 °C, which is close to that of PU crosslinked with BDO only (− 56.5 °C). The melting temperature (T m ) is responsible for the breakdown of aggregate structures, like the crystalline phase, sustained by intermolecular forces. A lower T m of hard segments for chitosan-based PU than for unmodified PU proved less participation of the three-dimensional structure after incorporation of polysaccharides. This effect might also be generated by the molecular segmental motion of the amorphous structure. For chitosan-based PU with HAp (Table 3) , increasing the content of HAp from 1 to 10% led to a 10 °C increase in T m . This result is probably connected to the presence of hydroxyapatite that can act as a nucleating agent for PU chains. Due to the complex thermal behaviour of the obtained composites, TOPEM DSC (Fig. 4 ) measurements were performed to confirm that the endothermic peak at the temperature over 100 °C is due to the melting of hard segments. As can be seen in the temperature range over 100 °C, a signal that is typical for melting is observed on both reversing and non-reversing heat flow profiles.
On the DSC curves, an endothermic peak at ca. 20-30 °C for samples cured with chitosan has been observed. However, changes in the position of baseline after phase PU1  233  271  287  302  353  330, 410, 439  PU2  252  280  291  304  365  342, 405, 453  PU3  250  274  285  300  365  324, 408, 453  PU4  238  268  281  297  381  319, 407, 437  PU5  199  252  275  302  404  410, 439, 442  PU6  222  274  289  306  378  329, 409, 454  PU7  252  280  290  302  377  321, 404, 454  PU8  259  284  294  309  377  334, 415, 453  PU9  177  267  294  306  378  324, 406, 457 transition can be observed that suggest glass transition with relaxation effect, but in the same temperature region melting of soft segments is also possible. From TOPEM DSC results, it can be seen that for PU1, PU2 and PU5, only melting of soft segments can be found, while for PU3, only glass transition of hard segments. For PU5, both glass transition of hard segments and melting with recrystallization of soft segments were detected. For PU additionally modified with HAp, glass transition of hard segments without melting of soft segments can be seen. Only for PU9 melting of soft segments was found. Soft segment ability to crystallize is linked with restrictions of chain movements and crosslinking density [25, 26] . It seems that replacement of 25% BDO with chitosan leads to formation of the most rigid structure with limited crystallization ability and for such a structure only glass transition can occur.
The thermogravimetric data show that the obtained PUs degrade in a three-stage process-Figs. 5 and 6, Table 4 .
The first step with T DTGmax = 330 °C arises from the degradation of hard segments with the break of urethane bonds; isocyanates, polyols, primary and secondary amines and carbon dioxide are formed [27] . The second step results from the decomposition of poly(ethylene glycol) used as a soft segment, with T DTGmax = 410 °C. For unmodified PEG under non-oxidative conditions, T DTGmax was detected at ca. 400 °C. As the main volatile products of thermal degradation ethanol, methanol, alkenes, non-cyclic ethers, formaldehyde, acetic aldehyde, ethylene oxide, water, CO and also CO 2 were identified [28] . The third and last step of PU composite degradation is connected to the degradation of residues [29] . Next, the effect of BDO/chitosan ratio on the thermal stability was investigated. PUs were obtained with five different ratios of BDO and chitosan. The crosslinking with 0.1 and 0.25 equivalent chitosan leads to an increase in the thermal stability, in comparison with unmodified PU, from 233 to 252 °C and 250 °C, respectively. In addition, the effect of HAp on the thermal stability was studied. As shown in Table 4 , the incorporation of HAp had practically no influence on the initial degradation temperature of PU compared to PU3. Only for PU8, where 10% of HAp has been incorporated, an increase in the thermal stability from 250 to 259 °C was observed. The incorporation of clays and inorganic material (e.g. hydroxyapatite) to the polymer matrix causes an increase in the thermal stability due to socalled labyrinth effect, hindering the transfer of volatiles produced during thermal decomposition [30] .
Conclusions
In this work, two series of PU materials were examined. The first series is PUs crosslinked with a different molar ratio of chitosan and BDO. The second group are PUs crosslinked with chitosan and BDO with a variable mass fraction of hydroxyapatite. The FTIR study confirms the conversion of chitosan and HAp in reaction with the isocyanate group of the prepolymer. The SEM-EDAX analysis indicates that with increasing concentration of HAp the aggregates of ceramic additive become larger, and HAp is homogeneously distributed in the PU matrix. Based on TG results, the thermal stability of chitosan-based PUs increases with increasing fraction of polysaccharide from 233 to 252 °C and the addition of HAp has no significant influence on the initial degradation temperature. DSC showed that the glass transition temperature increase with chitosan load is caused by the formation of intermolecular hydrogen bonding between PU and polysaccharide macrochains. TOPEM DSC data revealed that the endothermic peak at the temperatures over 100 °C is due to the melting of hard segments. The obtained PU/chitosan/hydroxyapatite composites are promising materials for the replacement of acrylate bone cement, provided that further studies on biocompatibility are performed-such studies are in progress.
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